Abstract: This paper presents an FPGA based method for stabilization of a quadcopter around the principal axes pitch, roll, and yaw using IMU sensors for angular estimation and the PID algorithm for control. The goal was to solve the problem in hardware level providing a fast method for stabilization. Using an FPGA circuit parallel with a microprocessor the control of the quadcopter becomes simpler the microprocessor can handle other tasks like area mapping or path calculation parallel with the stabilization hardware implemented on the FPGA. Sensor configuration and calibration was implemented on the FPGA along with the PID controller. The implemented circuit was tested in real time on the quadcopter.
Introduction
UAV-s (Unmanned Aerial Vehicles) are becoming more and more popular in both military and civilian applications. One of the more popular of these vehicles are the quadcopters. Quadcopters can be used in many day to day operations for example delivering packages, exploring and mapping places that are hard to reach, signaling danger etc.
One of the key components of controlling an UAV is the angular stabilization of the aircraft around the principal axes pitch, roll, and yaw. Angular stabilization is achieved when the quadcopter is capable of holding a predefined angular position without falling down or drifting away, the presented circuit without outside intervention will hold the pitch, roll and yaw angles at zero degrees.
In the studied articles
[5] stabilization algorithms are implemented on embedded micro-controllers (ARM, Microchip, Atmel) in these cases the use of complex mapping algorithms or an embedded operating system on the same controller is not possible since the controller is occupied with the stabilization algorithm. Quadcopters became either cheap with lesser functionality or robust and expensive using more than one controller for control and stabilization purposes.
The approach presented in this paper is based on a Xilinx Zynq SoC that combines the re-configurable capabilities of an FPGA circuit with the processing power of ARM microprocessors. The stabilization algorithm is implemented on hardware level running directly on the re-configurable area of the SoC, making the processor free to run other algorithms or an entire operating system. In the presented design embedded Arch Linux operating system was used for monitoring, logging and control purposes.
For stabilization of any robotic system the angular position of that system has to be measured. A widely used sensor for angular position measurement is the inertial measurement unit (IMU) [6] [7] . IMU sensors are cheap small easy to use. Angular position usually is calculated using accelerometer, gyroscope and magnetometer data. Fusing this data the angular position can be calculated. One of the popular methods for sensor fusion is the Kalman filter [8] [9] the problem with this approach is heavy resource utilization, another popular approach is the Complementary filter [10] [11] that is less resource heavy. In our research we found an IMU sensor BOSH BNO055 [12] that is capable of sensor fusion by its own providing the fused senor data directly without extra calculations. With the use of this sensor no angular data fusion was needed the focus was on implementing the PID controller and the overall system.
In the following sections the implemented design will be presented steps taken to achieve the stabilization section 3 presents the results, section 4 are the conclusions.
Implemented design
All modules needed to stabilize the quadcopter are implemented on a hardware level making the algorithm faster and independent form the rest of the system. The implemented system diagram is shown on Fig. 1 . The PicoBlaze [13] embedded digital microcontroller provided by Xilinx was used to interact with the BOSH IMU sensor. The controller initializes the sensor after power on and starts reading the angular data. The sensor is capable of 100 Hz data output meaning in every 10 ms a new angular value can be read making the system sampling time 10ms the FPGA circuit is running with a 50 MHZ clock signal. After reading a new set of angular data the PicoBlaze microcontroller signals the FPGA Based Angular Sstabilization of a Quadcopter 81 control unit to start the calculation of a new set of control signals that will be applied on the quadcopter motors.
The proportional-integral-derivative (PID) [14] controller is one of the widely used industrial controllers. The PID controller calculates the error value e(t) that is the difference between a desired prescribed value and a measured process variable and applies correction based on the proportional, integral and derivative modules. P accounts for present errors, I for past errors and D for possible future errors.
The control functions continues form is shown on Equation 1. Where:
Kp is the proportional coefficient, Kd is the derivative coefficient, Ki is the integrator coefficient, Ts is the sampling time and N is the filter parameter applied on the derivative part. Each PID controller has its own parameters sent by the operating system running on the ARM processor. The implemented unit only calculates equation (2) the values in equation (3)- (8) are calculated by the operating system at startup and sent down to the circuit. The calculation flowchart of the PID controller is presented on Fig. 3 .
After the PID controller module is activated it takes 16 clock cycles to calculate the new u[k] control output. All the variables are 24 bit fixed-point values 16 bit integer 8 bit fractional part. After the PID calculation is complete the four motor control signals have to be calculated using the equations (9)- (12), this takes 2 clock cycles the four calculations are parallel.
The correct motor numbering is shown on Fig. 3 .
After these calculations the PWM module generates the control signals based on the calculated duty cycles. The whole process takes 28 clock cycles on 50 MHz system that is 560 ns. To test the design a quadcopter equipped with a Digilent Zynq Zybo [16] development board was used, that is equipped with a Xilinx Zynq XC7010 SoC. Table 1 . shows the resource utilization of the design circuit. 
Results
During testing an Arch Linux operating system was running on the ARM processor core of the SoC that started the implemented circuit and logged the angular values coming from the IMU sensor, the calculated PID outputs and the duty cycle outputs calculated by the output calculator unit. In our testing environment one axis of the quadcopter was fixed in a way that the quadcopter was able to roll freely along the other axis of the quadcopter. The first figure shows the reference angular position value of the pitch angle set to zero and the response of the system it is visible that the quadcopter was capable to lock on the desired reference value. The generated control signal that will be applied on the opposite motors can be seen on At the startup the system doesn't follow exactly the reference sinusoidal signal but after two periods it matches up with the reference value. 
Conclusion
In this paper a method was presented to stabilize a quadcopter with a PID algorithm implemented on FPGA circuits. The presented design is fast under 600 ns all data operations are done the slowest part is the IMU's angular value calculation it can provide new angular values on every 10 ms. Results has shown that the system is capable of stabilization based on the angular values. A future development goal is to change the IMU to one without angular position estimation and do the calculations on the FPGA hopefully shortening the 10 ms sample time.
